Introduction
============

Chronic cerebral hypoperfusion (CCH) has been associated with cognitive decline in aging, Alzheimer\'s disease and vascular dementia.^[@bib1],\ [@bib2]^ Previous studies have revealed that CCH induces age-related blood--brain barrier damage, neuronal cell death, oxidative stress and impairment of spatial learning.^[@bib1]^ Till now, pharmacological and immunologic interventions in reducing cognitive impairments in patient populations suffering neurodegenerative diseases have met with limited success.^[@bib3]^ Thus, it is of great importance to seek novel therapy. The occlusion of both carotid arteries (two vessel occlusion, or 2VO) is a well-established rat model of CCH developed by De la Torre *et al.*^[@bib4]^ It was found to reduce cerebral blood flow by 21% in the cortex and by 32% in the hippocampus of middle-aged rats.^[@bib5]^ Experimental lines of evidence have demonstrated that 2VO rat model is suitable for the development of potentially neuroprotective strategies in neurodegenerative diseases.

Arginine vasopressin (AVP), a neurohypophyseal nonapeptide hormone, not only targets kidney, blood vessels, liver, platelets and anterior pituitary, but also serves as a neuromodulator in the brain.^[@bib6]^ AVP exerts its effects through three subtypes of receptors: V1a and V1b receptors are coupled to G~q~ and phospholipase C, which increase intracellular Ca^2+^ release, whereas the V2 receptor is coupled to G~s~ and activates adenylate cyclase resulting in increases in levels of cyclic AMP and protein kinase A activity.^[@bib6]^ Only V1a and V1b receptor subtypes exist in the central nervous system.^[@bib7]^ In the hippocampus, V1a receptor (V1aR) is present in the dentate gyrus as well as in the CA1, CA2 and CA3 fields.^[@bib7],\ [@bib8]^ On the contrary, V1b receptor is restricted to the CA2 field.^[@bib9]^ A number of studies have showed that central AVP has influence in many types of behaviors, especially learning and memory. In terms of electrophysiology, the application of vasopressin enhances synaptic transmission and induces long-term potentiation (LTP) in the CA1 region^[@bib10],\ [@bib11]^ and the dentate gyrus,^[@bib12]^ which is consistent with the distribution of vasopressin and vasopressin receptors in the hippocampus. In an examination of spatial learning, Egashira N *et al.*^[@bib13]^ found that V1aR knockout (KO) mice, but not V1bR-KO mice, exhibited an impairment of spatial memory compared to wild-type mice in an eight-arm radial maze. Moreover, a selective V1aR antagonist (OPC-21268) impaired spatial memory in the eight-arm radial maze in wild-type mice. These results suggest that the V1aR is required for working memory or a high level of spatial memory in a radial arm maze. However, the effects of endogenous AVP on CCH are less reported, and whether V1aR is involved in such a process remains unclear.

Autophagy is an evolutionarily conserved process of self-digestion and recycling of cellular constituents, participating in organelle turnover and bioenergetic management during starvation from yeast to mammals.^[@bib14],\ [@bib15],\ [@bib16]^ Studies have reported that autophagy can have both protective and injurious roles in many pathological conditions, including cerebral hypoxia--ischemia.^[@bib17]^ Autophagy has been found to be neuroprotective, as it involves in abnormal protein and organelle degradation and prevents protein aggregation, which exhibits an astonishing number of connections to neurodegenerative diseases.^[@bib15],\ [@bib18],\ [@bib19],\ [@bib20],\ [@bib21]^ Some reports have showed that autophagy protects neurons from ischemia-induced death.^[@bib22],\ [@bib23],\ [@bib24]^ However, excessive autophagy destroys large proportions of the cytosol and organelles, causing cellular atrophy and apoptosis or necrotic cell death.^[@bib25]^ Other researches have demonstrated that autophagy in brain ischemia may contribute to neural damage, and the inhibition of autophagy can attenuate cerebral ischemia-associated neuronal death.^[@bib26],\ [@bib27],\ [@bib28],\ [@bib29]^ Thus, the survival or death contribution of autophagy in the chronic ischemic rats requires further study.

In the present study, we tested the hypothesis that whether endogenous AVP can ameliorate spatial learning and synaptic plasticity through the V1aR signaling in 2VO rats, and whether autophagy was related to these effects. Our investigation will shed new light on the relation of autophagy to endogenous AVP on 2VO rats, and might provide useful clues to relieve the damage induced by CCH, such as mild cognitive impairment, vascular dementia and Alzheimer's disease.

Materials and methods
=====================

Animal care
-----------

Specific pathogen-free adult male Wistar rats weighting 220--250 g were purchased from the Experimental Animal Center of the Chinese Academy of Medical Science, and reared in the Animal House of Medical School, Nankai University. The room temperature was kept at 24±1 °C, and rats were housed in groups of four in clear plastic cages under a 12-h light--dark cycle with lights on from 0800 hours. Food and water were freely available. All animal experiments were approved by the Animal Research Ethics Committee of the Nankai University and were performed in accordance with the Animal Management Rules of the Ministry of Health of the People's Republic of China. All efforts were made to minimize the animals' suffering.

Induction of 2VO
----------------

Rats were randomly divided into four groups, sham group (*n*=8), 2VO group (*n*=8), 2VO + hypertonic saline (2VO + HTS) group (*n*=8) and 2VO + HTS + SR49059 (2VO + HTS + SR49059) group (*n*=8). The induction of 2VO rat model was described in [Supplementary Materials and Methods](#sup1){ref-type="supplementary-material"} as previously reported,^[@bib30]^ based on the fact that rats have complete circle of Willis, which can afford constant blood flow after the onset of occlusion. The time for postoperative recovery was 14 days.

Drug application
----------------

SR49059 (Sigma-Aldrich, St Louis, MO, USA), the most potent nonpeptide competitive V1aR antagonist,^[@bib31]^ was initially dissolved in dimethyl sulphoxide at a concentration of 30 m[M]{.smallcaps}, and then diluted with 0.9% NaCl to 0.3 m[M]{.smallcaps} as a finial concentration. The drug application timeline was shown in [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}. Since the 15th day after 2VO surgery, the 2VO + HTS group was given 5.3% NaCl (refs [@bib32], [@bib33]) as a single intraperitoneal injection of 2% bodyweight, 1 h before the Morris water maze (MWM) or LTP every day.^[@bib32],\ [@bib34]^ The 2VO + HTS + SR49059 group was given 0.3 mg kg^−1^ (1.67 ml kg^−1^, 0.3 m[M]{.smallcaps}) SR49059 (refs [@bib35], [@bib36]) intraventrally through the tail vein at 30 min following injection of 5.3% NaCl as described above, and the sham and 2VO groups received 0.9% NaCl as control. Water bottles were removed at the moment of first injection for all groups until 10 min before MWM and LTP.

MWM experiment
--------------

The spatial learning and memory abilities of rats were measured by MWM (RB-100A type, Beijing, China) as previously reported.^[@bib37],\ [@bib38]^ Experimental details of MWM test were given in [Supplementary Materials and Methods](#sup1){ref-type="supplementary-material"}.

*In vivo* LTP recording
-----------------------

The LTP recording from Schaffer collaterals to hippocampal CA1 was performed on rats after MWM experiment as previously described.^[@bib39],\ [@bib40]^ The specific methods of inducing and recording LTP were shown in the [Supplementary Materials and Methods](#sup1){ref-type="supplementary-material"}. After LTP recording, and after suffering \~4 weeks from bilateral carotid artery occlusion, all rats were killed and their brains were removed for the preperation of coronal sections and hippocampal proteins. Tissue preparation details were provided in [Supplementary Materials and Methods](#sup1){ref-type="supplementary-material"}.

Immunofluorescence
------------------

The brain coronal sections were obtained at 6 μm and stained with antibodies against AVP, V1aR, LAMP1 and LC3. Further details were provided in [Supplementary Materials and Methods](#sup1){ref-type="supplementary-material"}.

Subcellular fractionation of hippocampal tissues and protein extraction
-----------------------------------------------------------------------

For the detection of synaptic protein expressions, subcellular fractionation experiment was performed following the standard methods^[@bib41]^ and the study by Won *et al.*^[@bib42]^ with slight modifications ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). However, proteins extracted with RIPA lysis buffer were used for the assessment of AVP and V1aR expressions, besides autophagy and oxidative stress levels. See [Supplementary Materials and Methods](#sup1){ref-type="supplementary-material"} for details.

Western blot assay
------------------

Protein expressions were analyzed with western blot assay. Polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA) were incubated with primary antibodies including Anti-AVP, Anti-V1aR, Anti-NR2B (*N*-methyl-d-aspartate receptor subunit 2B), Anti-PSD-95 (postsynaptic density protein 95), Anti-synaptophysin (SYP), Anti-SQSTM1/p62 (p62), Anti-Beclin-1, Anti-LC3 and Anti-β-actin. Further details were described in the [Supplementary Materials and Methods](#sup1){ref-type="supplementary-material"}.

Measurement of oxidative parameters in the hippocampus
------------------------------------------------------

The levels of total malondialdehyde (MDA), superoxide dismutase and catalase activities in the hippocampus were evaluated by the assay kits (Beyotime Biotechnology, Shanghai, China), according to the manufacturer's directions.

Statistical analysis
--------------------

The number of animals used for each test is reported in figure legends. The sample sizes were determined using PASS 11 software (NCSS, Kaysville, UT, USA). We hypothesized the means and assumed an equal s.d. for each group based on a pre-specified effect size and previous studies. With *α*=0.05 and a power of 99%, we needed minimum three animals per group in MWM, LTP and western blot assays. Double blinding method was used for group assignment and outcome assessment. All data were analyzed with SPSS 22 software (IBM, Armonk, NY, USA) and presented as mean±s.e.m. Statistical significance was determined as indicated by applying the Mann--Whitney *U-*test (non-normal distribution), one-way analysis of variance (ANOVA) and two-way repeated measures ANOVA with least significant difference (LSD) (for equal variances) or Dunnett's T3 (for unequal variances) *post hoc* test (normal distribution). Differences were considered significant at *P*\<0.05. All experiments were repeated at least three times independently.

Results
=======

The effects of HTS and SR49059 on AVP and V1aR expression levels
----------------------------------------------------------------

To determine whether the concentration of AVP in the hippocampus would increase by HTS, and whether SR49059 would work, we measured the levels of AVP and V1aR in the hippocampus by western blot assay and immunofluorescence staining. It can be seen that AVP and V1aR expressions were significantly decreased in the 2VO group compared with those of the sham group ([Figures 1a and b](#fig1){ref-type="fig"}, AVP, *P*\<0.05; [Figures 1a and c](#fig1){ref-type="fig"}, V1aR, *P*\<0.01), and HTS was able to increase both levels of AVP and V1aR statistically in 2VO rats ([Figures 1a and b](#fig1){ref-type="fig"}, AVP, *P*\<0.01; [Figures 1a and c](#fig1){ref-type="fig"}, V1aR, *P*\<0.01). When administered with SR49059, the level of V1aR, but not AVP, was decreased effectively ([Figures 1a and c](#fig1){ref-type="fig"}, *P*\<0.01 versus 2VO + HTS). As shown in [Figures 1d and e](#fig1){ref-type="fig"}, AVP and V1aR were stained with green fluorescence by Alexa 488-conjugated anti-rabbit IgG. It was found that fluorescence intensity and larger numbers of bright fluorescent particles (yellow arrows) were visibly enhanced in the 2VO + HTS group, and SR49059 weakened fluorescence intensity of V1aR, which were consistent with the results of western blot assay in [Figures 1a--c](#fig1){ref-type="fig"}.

Endogenous AVP ameliorated spatial cognition partly through the V1aR signaling pathway
--------------------------------------------------------------------------------------

In order to detect the effect of endogenous AVP on spatial cognition, we used MWM test. As shown in [Figures 2a and b](#fig2){ref-type="fig"}, the mean escape latencies were decreased progressively in all four groups during the five training days without affecting swimming speeds, which indicated the efficient learning processes. Moreover, 2VO rats spent significantly longer time to find the platform than rats in the sham group through the initial training stage ([Figure 2a](#fig2){ref-type="fig"}, *P*\<0.01 for day 1, day 3, day 4 and day 5; *P*\<0.05 for day 2). When considered the 2VO + HTS group, the escape latencies were rescued in a significant level from day 3 to day 5 ([Figure 2a](#fig2){ref-type="fig"}, *P*\<0.01 for day 3 and day 4; *P*\<0.05 for day 5). Interestingly, the escape latencies were remarkably prolonged from day 1 to day 5 under SR49059 compared with those of the 2VO + HTS group ([Figure 2a](#fig2){ref-type="fig"}, *P*\<0.05 for day 1, day 4 and day 5; *P*\<0.01 for day 2; *P*\<0.001 for day 3).

Furthermore, the swim traces of all four groups in the space exploring test were shown in [Figure 2c](#fig2){ref-type="fig"}. It can be seen that both the platform crossings and the target quadrant dwell time were obviously decreased in the 2VO group compared with those in the sham group ([Figures 2c--e](#fig2){ref-type="fig"}, *P*\<0.01 for the platform crossings; *P*\<0.001 for the quadrant dwell time), but were significantly increased with the injection of HTS ([Figures 2c--e](#fig2){ref-type="fig"}, *P*\<0.01). However, they were reduced again in the 2VO + HTS + SR49059 group ([Figures 2c--e](#fig2){ref-type="fig"}, *P*\<0.01). These results suggested that endogenous AVP improved the spatial learning and memory abilities in 2VO rats involved with V1aR.

Endogenous AVP improved synaptic plasticity and modulated synaptic protein expressions in the hippocampus relying on V1aR signaling pathway
-------------------------------------------------------------------------------------------------------------------------------------------

To investigate the electrophysiological basis of MWM, LTP recording was performed, which indicated synaptic plasticity. The time course of field excitatory postsynaptic potential (fEPSP) slopes that were normalized to the 30-min baseline period was presented in [Figure 3a](#fig3){ref-type="fig"}. The fEPSP slopes of four groups were increased immediately after theta burst stimulation and stabilized to different levels above the baseline period. Statistical mean values of the last 15 min were shown in [Figure 3b](#fig3){ref-type="fig"}. The fEPSP slopes of 2VO rats were smaller than those of sham (*P*\<0.001) and HTS-treated rats (*P*\<0.01), and SR49059 was able to reduce the fEPSP slopes compared with those of HTS-treated rats (*P*\<0.01), which meant that endogenous AVP enhanced the impaired synaptic plasticity induced by 2VO partly through V1aR signaling pathway.

Synaptic protein levels are closely associated with cognitive function and synaptic plasticity, and are reported to be vulnerable to ischemia. In addition, NMDA receptors exhibit different properties owing to their different subcellular localization, whose trafficking has emerged as an important mechanism for modulation of synaptic function.^[@bib43]^ Thus, synaptic protein expressions in different subcellular domains were assessed by western blot assay. We carried out biochemical fractionation to isolate proteins from distinct subcellular compartments ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}), and the effectiveness of the procedure was validated by confirming the unique expression patterns of protein markers of distinctive compartments ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). NR2B and PSD-95 were found enriched in the crude synaptosomal membranes (P2), in the synaptosomal membranes (LP1) and in the Triton X-100-insoluble fraction (TxP), which contains the PSD. These proteins were also found in total homogenate (H), in the cytosol and microsomal membranes (S2), and in the synaptic vesicles (LS1) at low levels. However, NR2B as well as PSD-95 were undetectable in the Triton X-100-soluble fraction (TxS). The synaptic vesicle membrane protein synaptophysin, enriched in the presynaptic terminals, had a wider subcellular distribution except in the TxP.

As shown in [Figures 3c--e](#fig3){ref-type="fig"}, bilateral carotid arteries\' occlusion reduced NR2B and PSD-95 levels in the H (*P*\<0.05), P2 (*P*=0.054 for NR2B and *P*\<0.01 for PSD-95), LP1 (*P*\<0.01) and especially in the TxP (*P*\<0.001) fractions. However, 2VO increased NR2B and PSD-95 notably in the S2 (*P*\<0.05 for NR2B and *P*\<0.001 for PSD-95). Meanwhile, in 2VO rats, compared with sham, SYP was increased in the H (*P*\<0.05) and TxS (*P*=0.051), but decreased in the LS1 (*P*\<0.05), and did not alter in the P2, S2 and LP1 ([Figures 3c and f](#fig3){ref-type="fig"}). After being administered with HTS, NR2B and PSD-95 levels were increased in the H (*P*\<0.01), P2 (*P*=0.321 for NR2B and *P*\<0.001 for PSD-95), LP1 (*P*\<0.01) and TxP (*P*\<0.001) fractions, and decreased in the S2 fraction (*P*\<0.05 for NR2B and *P*\<0.001 for PSD-95), as compared with those in 2VO rats ([Figures 3c--e](#fig3){ref-type="fig"}). Interestingly, these effects of HTS were abrogated upon SR49059 treatment ([Figures 3c--e](#fig3){ref-type="fig"}). No difference was found in the expression levels of SYP in any fraction between the 2VO, 2VO + HTS and 2VO + HTS + SR49059 groups ([Figures 3c and f](#fig3){ref-type="fig"}). These results disclosed altered NR2B, PSD-95 and SYP distributions in the synaptic compartments of the hippocampus in 2VO rats, and endogenous AVP affected postsynaptic proteins at a corresponding synaptic target relying on V1aR. The alteration of synaptic proteins might contribute to the changes in synaptic plasticity.

Endogenous AVP altered the level of Nissl bodies but not the morphology of pyramidal neurons
--------------------------------------------------------------------------------------------

The Nissl body, which consists of a large number of rough endoplasmic reticulum and free ribosomes, is mainly to synthesize structural proteins and enzymes, so that detection of Nissl bodies is generally used as a key indicator of neuronal viability.^[@bib44]^ The expression of Nissl bodies was presented by either green point shape distribution or a green ring around the nucleus (yellow arrows) in [Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}. Compared with the sham group, the Nissl bodies were reduced in the 2VO group, suggesting dysfunction of protein synthesis to some extent. However, the reduction was attenuated after HTS treatment. What's more, SR49059 canceled the effect of HTS.

Hematoxylin-eosin staining of the CA1 region was shown in [Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}. Pyramidal cells were full, arranged tightly and the nuclei were light-stained in the sham group. However, in 2VO rats, the pyramidal cell layer was loosely arranged, the cell outline disappeared in many pyramidal cells and nuclear pyknosis was evident ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). There was no distinct difference between 2VO, 2VO + HTS and 2VO + HTS + SR49059 groups, indicating no improvement in the morphology of pyramidal neurons of HTS-treated rats.

Endogenous AVP reduced oxidative stress and upregulated autophagy partially through activation of V1aR signaling in a 2VO rat model
-----------------------------------------------------------------------------------------------------------------------------------

It is generally known that oxidative stress is one of the main damage that occurs after 2VO procedure. Therefore, we measured the effects of endogenous AVP on the MDA level, total superoxide dismutase and catalase activities in the hippocampus. The results presented that the MDA level was significantly elevated in the 2VO group compared with that in the sham group ([Figure 4a](#fig4){ref-type="fig"}, *P*\<0.05), whereas HTS could downregulate the elevated MDA level ([Figure 4a](#fig4){ref-type="fig"}, *P*\<0.05), and, when treated with SR49059, the MDA level reverted to the level in the 2VO group ([Figure 4a](#fig4){ref-type="fig"}, *P*\<0.05). Moreover, the total superoxide dismutase and catalase activities changed in an opposite way against the MDA level ([Figures 4b and c](#fig4){ref-type="fig"}). Our results revealed the antioxidant effect of endogenous AVP in 2VO rats partly through the V1aR signaling pathway.

A previous study reported that autophagy was closely related to oxidative stress, which led us to assess the effects of AVP on the expressions of autophagy-related markers Beclin-1, LC3 and SQSTM1/p62. It can be seen that the expression of Beclin-1 was increased observably in the 2VO group ([Figures 4d and f](#fig4){ref-type="fig"}, *P*\<0.01 versus sham). After being treated with HTS, there was a further increase of Beclin-1 expression compared to that of 2VO group ([Figures 4d and f](#fig4){ref-type="fig"}, *P*\<0.05). However, the elevation in the expression of Beclin-1 was decreased upon SR49059 treatment ([Figures 4d and f](#fig4){ref-type="fig"}, *P*\<0.05). The similar results were obtained in the measurement of LC3-II/LC3-I levels ([Figures 4d and g](#fig4){ref-type="fig"}). These data revealed increasing autophagosome levels induced by 2VO and HTS, which involved with V1aR for the latter. Furthermore, the autophagic substrate, SQSTM1/p62, was reduced by 2VO ([Figures 4d and e](#fig4){ref-type="fig"}, *P*\<0.01), and was further decreased by HTS ([Figures 4d and e](#fig4){ref-type="fig"}, *P*\<0.01 versus 2VO), which corresponded to an activation of the autophagic flux induced by 2VO and HTS. Likewise, the increase in the p62 protein level in the 2VO + HTS + SR49059 group ([Figures 4d and e](#fig4){ref-type="fig"}, *P*\<0.01 versus 2VO + HTS) demonstrated HTS-promoting autophagic flux through V1aR.

We then performed double immunofluorescence to detect the co-stains for LC3 and lysosomal marker LAMP1 in CA1 regions, which indicated the fusion of autophagosomes with lysosomes. As shown in [Figure 4h](#fig4){ref-type="fig"}, the red punctas of LC3 (LC3-II) were more abundant in 2VO compared with those in sham, and were further upregulated by HTS. Besides, in the 2VO + HTS group, these red punctas were highly enriched within LAMP1-positive structures (green) as indicated by yellow punctiform staining, thus describing the fusion between autophagosomes and lysosomes to generate autolysosomes. However, the red punctas of LC3 were decreased in the 2VO + HTS + SR49059 group compared with those in 2VO + HTS group; as a result, the co-localization between LC3 and LAMP1 was reduced. Collectively, the results of this experiment as well as expressions of Beclin-1, LC3 and SQSTM1/p62 were basically sufficient to determine a real enhancement of the autophagy flux induced by 2VO and HTS, and V1aR was crucial to the effect of HTS.

Discussion
==========

CCH is able to bring about diminished production of certain hormones and neurotransmitters. Previous studies have shown, in most of the vascular dementia cases characterized by CCH, the reduction of the AVP mRNA level in the supraoptic nucleus (SON), besides the reduction of AVP in the hippocampus, which were related to cognitive decline.^[@bib45],\ [@bib46]^ The possible reason behind the decrease in AVP levels in SON was abundant peripheral lipofuscin accumulations in SON neurons, which influenced the function of AVP neurons. Moreover, vasopressin fibers of the magnocellular hypothalamic nuclei project to the hippocampus,^[@bib47]^ making the AVP-containing neurons of the magnocellular nuclei an important source for hippocampal AVP innervation;^[@bib48]^ this could explain why AVP reduction occurred in the hippocampus. These findings were consistent with ours, and could explain them to some extent. The study previously reported the most important stimulus for AVP secretion to be hyperosmolality.^[@bib33]^ Therefore, in our study, the hypertonic saline was intended to upregulate the hippocampal AVP through activating the hypothalamic, osmotic-sensitive magnocellular AVP system,^[@bib49]^ but not to induce its release to peripheral regions by allowing the rats to drink *ad libitum* during the last 10 min before MWM or LTP recording.^[@bib48]^ In addition, another mechanism about hypertonic saline inducing AVP reported by Yoshida^[@bib50]^ was that the osmotic stimuli mediated the rapid transcriptional induction of the vasopressin gene via increasing Fos protein mRNAs. These findings also verified our results in [Figures 1a, b and d](#fig1){ref-type="fig"} that intraperitoneal administration of 5.3% (900 m[M]{.smallcaps}) saline (2% of body weight) was able to induce an endogenous AVP increase in the hippocampus.

MWM test has been a standard experiment to study the spatial learning and memory. Our results from the MWM test inferred that spatial learning and reference memory were significantly impaired in 2VO rats, which were in line with the results of Li *et al.*^[@bib39]^ and Zhang *et al.*^[@bib51]^ We also discovered that endogenous AVP effectively alleviated cognitive deficiency induced by 2VO through V1aR signaling partially. Unexpectedly, however, Everts *et al.*^[@bib52]^ once delivered AVP antagonist d(CH2)5-D-Tyr(Et)VAVP (which was used to block all AVP receptors) bilaterally into the lateral septum in male Wistar rats, and found that there was no effect on spatial learning (MWM). Besides, Koshimizu *et al.*^[@bib53]^ reviewed that both V1aR-KO and V1bR-KO mice performed normally in a MWM. It is possible that these discrepancies between their results and ours are due to the different brain regions that focused on, slightly different strain backgrounds of experimental animals and different testing procedures. Moreover, the 2VO rat model we used, which is different from their studies, may contribute to these discrepancies especially. Therefore, it is clear in our present study that the V1aR in hippocampus is important for AVP, alleviating impairments of spatial learning and memory in 2VO rats.

LTP from Schaffer collaterals to the hippocampal CA1 region was carried out considering the distribution of V1aR in the present study. Our data implied that the synaptic plasticity was significantly impaired in 2VO rats, which was in accordance with the findings of previous studies.^[@bib39],\ [@bib54],\ [@bib55]^ Interestingly, the negative effect of 2VO on LTP was notably attenuated after treating with hypertonic saline ([Figures 3a and b](#fig3){ref-type="fig"}). Study by Rong *et al.*^[@bib11]^ illustrated that AVP4-8 could induce a long-lasting potentiation effect on the evoked EPSP and enhance LTP in the CA1 and CA3 fields of the dorsal hippocampus due to a presynaptic mechanism of action, which partially supported our findings *in vitro*. Furthermore, our data that SR49059 abolished the effect of AVP ([Figures 3a and b](#fig3){ref-type="fig"}) indicated that endogenous AVP improved the synaptic plasticity relying on V1aR in the hippocampus. The result of LTP was paralleled with MWM performance, which was supported by the notion that changes in synaptic efficacy underlie learning and memory processes.^[@bib56]^

Clayton *et al.* reported that knocking down NR2B expression abolished LTP and impaired spatial learning, demonstrating the important role of NR2B in LTP and learning and memory.^[@bib57]^ Almost all NR2B subunits are reportedly found in the plasma membrane so that they participate in neurotransmission. At the postsynaptic membrane of excitatory synapses, NMDARs are attached to the PSD that delicately regulate synaptic plasticity, which is known as LTP or LTD (long-term depression).^[@bib58]^ In our study, we found that NR2B expression was reduced in total homogenate (H) and especially in the PSD (TxP) after CCH ([Figures 3c and d](#fig3){ref-type="fig"}), which may have distinctly direct effects on synaptic plasticity. It was likely that an overall inhibition of new NR2B protein synthesis could account for the NR2B reduction. Our results in which the Nissl bodies were reduced in 2VO ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}), and in a previous study that reported hippocampal NR2B mRNA and protein expression in 2VO were decreased,^[@bib59]^ could confirm our viewpoint. In contrast, NR2B in the intracellular pools (S2) containing endoplasmic reticulum/Golgi apparatus involved in synthesis, assembly and secretion of proteins was upregulated in 2VO rats ([Figures 3c and d](#fig3){ref-type="fig"}). The number of NMDARs stabilized at the cell surface represents a balance between internalization and insertion. As the surface:intracellular ratio of NR2B was reduced, the fact that the NR2B uprgulation in the S2 implied a scenario, in which trafficking or delivery of NR2B from the S2 to the TxP was suppressed or the removal of NR2B from the TxP was accelerated.^[@bib60]^ The reduced surface:intracellular ratio of NR2B may also contribute to the impaired LTP, as, to our knowledge, Grosshans *et al.*^[@bib61]^ first demonstrated that the rapid insertion of new NMDARs from intracellular pools to the postsynaptic membrane underlied LTP. It has been well established that PSD-95, which anchors and clusters postsynaptic glutamate receptors,^[@bib62],\ [@bib63]^ stabilizes surface NR2B and inhibits NR2B internalization.^[@bib64],\ [@bib65]^ The expression of PSD-95 changed in the same way as NR2B ([Figures 3c and e](#fig3){ref-type="fig"}); thus impairing PSD-95 in the TxP may support the scenario regarding accelerated NR2B internalization.

Administration of hypertonic saline, which increased endogenous AVP in the hippocampus, was capable of upregulating the surface:intracellular ratio of NR2B relying on V1aR ([Figures 3c and d](#fig3){ref-type="fig"}). These data illustrated that AVP promoted NR2B trafficking to the plasma membrane, or slowed down the internalization of NR2B. The elevated PSD-95 level might also enhance the surface expression of NR2B. The redistribution of NR2B and PSD-95 caused by AVP contributed to the enhanced LTP. A previous study reported that the activation of PKC enhanced NMDA channel opening and rapid insertion at the surface of hippocampal neurons.^[@bib66]^ Besides, a major signaling pathway triggered by V1aRs is activation of phospholipase C and PKC.^[@bib67]^ Thus, although the role of PKC was not examined in the present study, it was likely that AVP altered the distribution of NR2B and PSD-95 through the V1aR/phospholipase C/PKC signaling pathway.

With respect to SYP, which was closely related to the release of neurotransmitters,^[@bib68]^ there were increases in the H and TxS in 2VO rats ([Figures 3c and f](#fig3){ref-type="fig"}). These results differed from Wang *et al.*,^[@bib69]^ which showed decreased SYP in 2VO. As the induction of 2VO was the same, the apparent discrepancy can be related to the different strain backgrounds and different ages of rats, as well as different protein extraction methods used. Unlike NR2B and PSD-95, SYP was barely affected by hypertonic saline with or without SR49059 ([Figures 3c and f](#fig3){ref-type="fig"}). In consequence, we concluded that endogenous AVP enhanced the LTP mainly by postsynaptic mechanisms through V1aR signaling.

In general, the autophagic pathway operates at low levels under normal conditions, but is rapidly upregulated under stress conditions, such as oxidative stress, starvation and hormonal imbalances. In the current study, our results showed that autophagy was activated under 2VO-induced ischemic stress ([Figures 4d--h](#fig4){ref-type="fig"}), which were in accordance with previous studies.^[@bib70],\ [@bib71],\ [@bib72]^ Surprisingly, we found that endogenous AVP further elevated the level of autophagy based on 2VO, and then SR49059 brought it back to the level similar to the 2VO group ([Figures 4d--h](#fig4){ref-type="fig"}), which indicated that endogenous AVP enhanced autophagy via V1aR signaling in the 2VO model rat. The possible mechanism was that AVP activated AMP-activated protein kinase via Ca^2+^ signaling, thus triggeing autophagy through directly activating UNC-51-like kinase 1 (ULK1) and indirectly inhibiting the suppressive effect of mammalian target of rapamycin complex 1 on ULK1. This signaling pathway has been confirmed in previous studies in H9c2 cells.^[@bib73],\ [@bib74]^ Certainly, an additional investigation of this signal pathway *in vitro* will strengthen our understanding of the relationships between AVP and autophagy.

In recent years, there has been a growing interest in the role of autophagy in cerebral ischemia. It is believed that autophagy in CNS is a double-edged sword, as the contribution of autophagy to neuronal death/survival is still controversial. In our study, AVP attenuated oxidative stress ([Figures 4a--c](#fig4){ref-type="fig"}) and increased Nissl bodies ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). Besides, researches demonstrated that macroautophagy and chaperone-mediated autophagy were activated in response to oxidative stress, removing the damaged components before further damage or aggregation occurs.^[@bib75],\ [@bib76],\ [@bib77]^ Thus, we tentatively proposed that the autophagy enhanced by AVP acted as a defender to protect neuronal cells against 2VO-induced oxidative stress and consequential neuronal death. To confirm our interpretation, further investigation using autophagy inducers and inhibitors should be carried out systematically. Our viewpoint was consistent with some studies, which claimed that autophagy activation is associated with neuroprotection in cerebral ischemia.^[@bib22],\ [@bib23],\ [@bib24]^ However, in contrast to these and our results, Koike*et al.*^[@bib26]^ found that autophagy induced hypoxic--ischemic injury-mediated neuronal death execution, using mice deficient in Atg7. Their viewpoint was supported by several other independent groups.^[@bib27],\ [@bib28],\ [@bib29]^ Differences in the animal strain utilized, the experimental approach, the brain area analyzed and especially the modeling method and the timing of analysis may account for this discrepancy. Anyway, the mechanism of how neurons regulate the two opposite downstream effects of autophagy, survival and death after CCH deserves further investigation.

In summary, our study reported that endogenous AVP induced by osmotic stimulus was effective in alleviating spatial learning and memory deficits at least partly through V1aR signaling in 2VO rats ([Figure 2](#fig2){ref-type="fig"}). The underlying mechanisms, as shown in [Figure 5](#fig5){ref-type="fig"}, were that AVP promoted NR2B and PSD-95 externalization, and enhanced autophagy via V1aR ([Figures 4d--h](#fig4){ref-type="fig"}), which might uncover a brand new protective mechanism of AVP that possibly involved in reducing oxidative stress ([Figures 4a--c](#fig4){ref-type="fig"}) and sequentially enhancing neuronal viability ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). The above two aspects could contribute to attenuating the impairment of synaptic plasticity ([Figures 3a and b](#fig3){ref-type="fig"}), which was closely related to spatial learning and memory. Although there are important discoveries in our study, there are limitations also. Further investigation is needed to explore whether autophagy plays a definite protective role in the 2VO model by regulating the autophagy level. Our data revealed the mechanisms of the neuroprotection of AVP against 2VO-induced cognitive impairments, which might be used as a therapeutic method for conditions involving CCH, such as mild cognitive impairment, vascular dementia and Alzheimer's disease. The results of this study also imply that autophagy may serve as a potential novel target for pharmacological intervention in CCH.
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![The expressions of AVP and V1aR in hippocampus of sham, 2VO, 2VO + HTS and 2VO + HTS + SR49059 groups. (**a**) Representative immunoreactive bands of AVP (34 kDa), V1aR (43 kDa) and β-actin (43 kDa). Proteins lysed in RIPA were loaded at 30 μg per well. (**b**) Quantitative analysis of the optical density ratio of AVP/β-actin. (**c**) Quantitative analysis of the optical density ratio of V1aR/β-actin. Data are shown as mean ± s.e.m. \**P*\<0.05, \*\**P*\<0.01 versus sham group; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01 versus 2VO group; ^&&^*P*\<0.01 versus 2VO + HTS group (one-way ANOVA analysis followed by LSD test). *n*=4 per group. (**d**) Representative immunofluorescence photographs of AVP in the hippocampal CA1 region. Yellow arrows denote AVP expression. (**e**) Representative immunofluorescence photographs of V1aR in the hippocampal CA1 region. Yellow arrows denote V1a receptor expression. Scale bar=50 μm. ANOVA, analysis of variance; AVP, arginine vasopressin; HTS, hypertonic saline; LSD, least significant difference; 2VO, two vessel occlusion; VIaR, V1a receptor.](tp2017121f1){#fig1}

![The performance of rats in IT and SET stages of MWM experiment. (**a**) Calculated escape latency on each day in IT stage of sham, 2VO, 2VO + HTS and 2VO + HTS + SR49059 groups (two-way repeated measures ANOVA with LSD or Dunnett's T3 *post hoc* test). (**b**) Swimming speeds on each day in the IT stage of four groups (two-way repeated measures ANOVA). (**c**) Representative swim traces of all four groups in SET stage. (**d**) The number of platform crossings in the SET stage (Mann--Whitney *U-*test). (**e**) Percentage of time spent in target quadrant (quadrant III) in SET stage (one-way ANOVA analysis followed by LSD test). Data are shown as mean±s.e.m. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 versus sham group; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01 versus 2VO group; ^&^*P*\<0.05, ^&&^*P*\<0.01, ^&&&^*P*\<0.001 versus 2VO + HTS group. *n*=8 per group. ANOVA, analysis of variance; HTS, hypertonic saline; IT, initial training; LSD, least significant difference; MWM, Morris water maze; SET, space exploring test; 2VO, two vessel occlusion.](tp2017121f2){#fig2}

![Long-term potentiation (LTP) from Schaffer collaterals to the hippocampal CA1 and synaptic protein expressions in hippocampus of sham, 2VO, 2VO + HTS and 2VO + HTS + SR49059 groups. (**a**) The changes of time coursing in normalized fEPSP slopes in sham, 2VO, 2VO + HTS and 2VO + HTS + SR49059 groups. The first 30 min of evoked responses were normalised and used as the baseline responses of LTP. Arrow represents application of a theta burst stimulation (TBS). (**b**) The mean normalized fEPSP slopes between 45 and 60 min after the TBS. *n*=8 per group. (**c**) Representative immunoreactive bands of NR2B (180 kDa), PSD-95 (95 kDa), SYP (38 kDa) and β-actin (43 kDa) in different subcellular fractions. Proteins were loaded at 5 μg per well for the LS1, 10 μg per well for the H, P2, LP1, TxS and TxP and 30 μg per well for the S2. (**d**--**f**) Quantitative analysis of the optical density ratio of NR2B/β-actin (**d**), PSD-95/β-actin (**e**) and SYP/β-actin (**f**) in different subcellular fractions. Data are shown as mean±s.e.m. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 versus sham group; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01, ^\#\#\#^*P*\<0.001 versus 2VO group; ^&^*P*\<0.05, ^&&^*P*\<0.01, ^&&&^*P*\<0.001 versus 2VO + HTS group (one-way ANOVA analysis followed by LSD test). *n*=4 per group. ANOVA, analysis of variance; fEPSP, field excitatory postsynaptic potential; HTS, hypertonic saline; LSD, least significant difference; NR2B, *N*-methyl-D-aspartate receptor subunit 2B; PSD-95, postsynaptic density protein 95; 2VO, two vessel occlusion.](tp2017121f3){#fig3}

![The changes of oxidative parameters and autophagy levels in the hippocampus of sham, 2VO, 2VO + HTS and 2VO + HTS + SR49059 groups. (**a**) The MDA level in hippocampus of the four groups (Mann--Whitney *U-*test). (**b**) The T-SOD activity in hippocampus of the four groups (Mann--Whitney *U-*test). (**c**) The CAT activity in hippocampus of the four groups (one-way ANOVA analysis followed by LSD test). (**d**) Representative immunoreactive bands of SQSTM1/p62 (75 kDa), Beclin-1 (60 kDa), LC3-I (16 kDa), LC3-II (14 kDa) and β-actin (43 kDa). Proteins lysed in RIPA were loaded at 30 μg per well. (**e--g**) Quantitative analysis of the optical density ratio of p62/β-actin (**e**), Beclin-1/β-actin (**f**), and LC3-II/LC3-I (**g**; one-way ANOVA analysis followed by LSD test). Data are shown as mean±s.e.m. \**P*\<0.05, \*\**P*\<0.01 versus sham group; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01, ^\#\#\#^*P*\<0.001 versus 2VO group; ^&^*P*\<0.05, ^&&^*P*\<0.01, ^&&&^*P*\<0.001 versus 2VO + HTS group. *n*=4 per group. (**h**) Representative immunofluorescence photographs showed the co-localization of LC3 and LAMP1 in CA1 regions as indicated by yellow punctiform staining. Higher magnification views of the areas marked with '\*' were shown as insets. White arrows denote LC3, LAMP1 and merged punctas. Scale bar=50 μm. ANOVA, analysis of variance; CAT, catalase; HTS, hypertonic saline; LSD, least significant difference; MDA, malondialdehyde; T-SOD, total superoxide dismutase; 2VO, two vessel occlusion.](tp2017121f4){#fig4}

![The underlying mechanisms that AVP ameliorates spatial learning impairments. The red '+' represented the enhancement effect; the red '−' represented the inhibiting effect; the dashed arrow represented the process, which was not verified in our study. AVP, arginine vasopressin.](tp2017121f5){#fig5}
